Bismuth Hall effect sensors with active sizes in the range 0.1 -2 µm have been fabricated by electron beam lithography and lift-off techniques for applications in scanning Hall probe microscopy. The Hall coefficients, offset resistances and minimum detectable fields of the sensors have been systematically charecterised as a function of device size. The miniumum detectable field of 100 nm probes at 300K and dc currents of 5 A is found to be B min =0.9 mT/Hz 0.5 with scope for up to a factor of ten reductions by using higher Hall probe currents. This is significantly lower than 
Introduction
Magnetic Force Microscopy (MFM) [1, 2] is currently the accepted tool in the data storage industry for characterising the nanoscale magnetisation distribution in ferromagnetic media, particularly ferromagnetic domains and domain walls. Magnetic Force Microscopy is a scanning probe technique that measures the force between an oscillating magnetically-coated tip and the sample, and suffers from two characteristic weaknesses. Firstly, the sharp magnetic tip is invasive and can perturb the magnetic structure of the sample (or vice versa). Secondly, the micromagnetic structure of the tip is rarely known with any confidence, rendering imaging results qualitative rather than quantitative in most cases. Consequently there is a key outstanding requirement for a quantitative and non-invasive imaging technique to complement MFM. Moreover, this new technique must operate effectively at room temperature, since it is generally undesirable to cool ferromagnetic samples 2 cryogenically for characterisation. One promising candidate technique is scanning Hall probe microscopy (SHPM) [3] . This is a non-invasive scanning probe imaging technique whereby a nanoscale Hall effect sensor is used to map the local magnetic induction close to the surface of a magnetic sample, and provides quantitative data on at least one component of the magnetic induction vector. It has been widely used for investigating flux structures in superconductors at low temperatures, but has not been extensively used at room temperature, due to the typically poor minimum detectable fields at 300 K. As a consequence, recent developments in the field have focused on designing and fabricating novel nanoscale Hall sensors with lower noise figures at room temperature.
In order to achieve high spatial resolution SHPM sensors need to be fabricated with nanoscale dimensions and operated in very close proximity to the sample surface.
High magnetic field resolution requires a large Hall coefficient (low carrier density) and low Johnson and 1/f noise. Low offset resistances are also a significant advantage in order to prevent the saturation of high gain, low noise preamplifiers.
These criteria are all well satisfied in GaAs/AlGaAs heterostructure two-dimensional electron gases (2DEGs) at low temperatures, when they have very high carrier mobilities. Sensors with dimensions down to ~100 nm have been demonstrated and 2DEGs typically have low carrier concentration and are confined close to the surface of the chip [4] . However, the much lower carrier mobility at room temperature leads to much higher lead resistances and Johnson noise, and dramatically increases minimum detectable fields [5] . Moreover, low frequency 1/f noise increases rapidly at low Hall currents, further degrading minimum detectable fields. Other III-V semiconductor materials have been investigated with a view to achieving superior 300 K performance, including InSb thin films [6, 7] ,as well as InAs/GaSb [8, 9] and InGaAs/AlGaAs [10] In practice semimetal Bi sensors prove to be superior to low carrier density semiconductor systems at 300 K, because much higher possible Hall probe currents and lower lead resistances outweigh the disadvantage of the considerably lower Hall coefficient. Thin Bi films do, however, suffer from the disadvantage that the carrier concentration depends quite strongly on a number of factors, e.g., substrate 3 material, deposition technique and film thickness. Scanning Bi Hall sensors have been widely investigated [11, 12] and nanoscale devices with active sizes down to ~50 nm have been realised by focussed ion beam (FIB) milling of larger thin film structures [13] [14] [15] . However, it was found that devices smaller than 50 nm were not operational, presumably due to damage and Ga + ion incorporation during FIB milling [14] . These effects can be expected to increase device resistances and noise levels, The completed chips were glued with epoxy onto 0.5 mm thick 10 mm10 mm alumina packages. These had been coated with gold leads which were wire bonded to the contacts on the chip with 25 µm Au wire. Long Cu wires were then Indium soldered to the leads on the package, for connection to terminals on the sample holder. The latter was the insert for a variable temperature cryostat and had 16 terminals on the sample plate connected by twisted pairs of Cu wires to BNC connectors in a connection box on top. The sample rod was inserted into the static sample space of a cryostat, evacuated and back-filled with Helium gas to prevent oxidation or other degradation of the Bi probes during characterisation. The tail of the cryostat containing the sample sits in the middle of a commercial electromagnet 5 capable of generating a maximum field of ~100 mT perpendicular to the plane of the sample. The electromagnet was driven by a bipolar power supply, allowing the magnetic field at the Hall sensor to be smoothly varied and reversed.
In order to characterise the Hall coefficient, sensors were driven with a 1-10 µA 32
Hz ac current from a commercial function generator in series with a 1 M resistor.
The Hall voltage and offset voltage were detected with a Stanford Research Systems SR830 digital lock-in amplifier. The sensor noise was characterised using a homemade battery-driven programmable dc current source and ultra-low noise preamplifier with 10 4 gain. Noise spectra were then measured in the range 0-100 Hz at fixed Hall currents with a Hewlett-Packard HP3561A dynamic signal analyzer. One hundred individual noise spectra were automatically averaged in the DSA to build the datasets presented below. and I H is the Hall probe current. This is plotted in figure 3 for the same probes shown in Fig. 2 . We find a very large spread in the distribution of offset resistances, with those for the 70 nm thick samples generally being larger than for the 50 nm samples.
Experimental Results
Again, we assume that this is related to the rather random granular structure of the films. In the smallest sensors the width of the active area is not much larger than the grain size, and inhomogeneous current flow through grains and grain boundaries is to be expected. However, for optimised structures the offset resistance can be as low as ~0.1 , corresponding to an effective field of about 50-100 mT. 
where R V is the resistance between the voltage leads, k B is the Boltzmann constant, T is the temperature and f the measurement bandwidth. At low frequencies the spectrum is dominated by 1/f noise that has a wide range of possible origins, such as carrier fluctuations due to trapping/detrapping at defects or electron-hole generationrecombination processes [18] . The amplitude of the 1/f noise and the location of the 1/f noise corner increase quite rapidly as the sensor current increases. grows rapidly with Hall current and the 1/f shoulder simultaneously shifts to higher frequency, rising above our range of measurement frequencies at I H =73 A. In 0.15 Ga 0.85 As quantum well sensors of Pross et al. [10] . Since most of these devices are considerably larger than the smallest Bi probes measured here, the lower noise levels are not surprising. The noise figures for the 500 nm structures of Sandhu et al. [7] are impressive, but the growth of epitaxial InSb thin films remains a major challenge, and it is not clear that it would be possible to make these devices much smaller.
A more realistic estimate of minimum detectable fields is obtained by directly measuring the spectral noise density at typical operation frequencies. We have elected here to focus on the noise at 30 Hz, since this is the typical detection frequency used to operate our sensors, and assume that the noise spectrum with such a low frequency ac current approximates to that with a dc drive of the same mean density. For our 100 nm sensors fabricated from a 50 nm Bi film this yields an upper bound of B min =0.9 mT/Hz 0.5 with a 5 A Hall current. We note, however, that this current density was kept low to avoid risk of damage to the sensor and the optimal current density is probably up to ten times larger. Using larger currents in 200 nm and 300 nm sensors, the measured minimum detectable field dropped to 0.5 mT/Hz 0.5 and 0.3 mT/Hz 0.5 respectively. Petit et al. [14] report the measured noise spectra as a function of size for probes FIB milled from 78 nm Bi films. For a 100 nm 11 probe we interpolate a value of B min (30Hz)~2 mT/Hz although there is a price to pay in spatial resolution, since the local magnetic induction can no longer be assumed to be uniform throughout the depth of the film. A much more comprehensive study of the noise spectra, as a function of Hall current, is required to optimise sensor performance. In practice the increase in 1/f noise at higher drive currents is partially balanced by the higher effective sensitivity of the sensor, and a customised optimisation of each individual sensor is often required.
Finally, the microstructure of the films can still be improved to achieve better figures of merit. Sandhu et al. [13] find a much higher Hall coefficient in films which are 12 evaporated at very high deposition rates. High growth rates would also be expected to yield a finer-grained microstructure, leading to less current inhomogeneity and lower offset resistances. It has recently been demonstrated that nanoscale mechanical polishing of Bi films deposited on oxidised Si substrates leads to much smoother films, without degrading the crystal structure or resistivity [20] . This approach could be used to optimise the figures of merit of Hall devices, as well as enable the fabrication of even smaller sensors using advanced etching techniques.
Conclusions
In conclusion, we have demonstrated the fabrication of sub-micron Bi Hall effect sensors using electron beam lithography and lift-off techniques with active sizes in the range 0.1 -2 µm. We have measured the key figures of merit of our sensors as a function of device dimensions for two different film thicknesses, and show that the minimum detectable fields of our smallest devices are superior to those fabricated by FIB milling of continuous Bi films. These sensors look very promising for applications in high resolution room temperature scanning Hall probe microscopy, and a number of ways in which their performance could be improved still further are discussed.
